Loops or unordered regions of a protein are structurally dynamic and are strongly implicated in activity, stability and proteolytic susceptibility of proteins. Diminished activity of proteins at lower temperatures is considered to be due to compromised dynamics of the protein at lower temperatures. To evolve an active mesophilic lipase (Bacillus subtilis) at low temperatures, we subjected all the loop residues (n 5 88) to site saturation mutagenesis (SSM). Based on a three-level screening protocol, we identified 14 substitutions, among 16 000 mutant population, which contributed to a substantial increase in activity at 58 8 8 8 8C. Based on the preliminary activity of recombinants at several temperatures, 5 substitutions among the 14 were found to be beneficial. A recombinant of these five mutations, named as 5CR, exhibited 7-fold higher catalytic efficiency than wild-type (WT) lipase at 108 8 8 8 8C. All the mutants, individually and in a recombinant (5CR), were characterized by substratebinding parameters, melting temperatures and secondary structure. 5CR was similar to WT in substrate preferences and showed a significant improvement in activity at both lower and higher temperatures compared with the WT. To establish the contribution of mutations on the dynamics of the protein, we performed 100-ns molecular dynamics (MD) simulations on the WT and mutant lipase at 10 and 378 8 8 8 8C. The root mean square fluctuations (RMSFs) indeed showed that the mutations enhance the protein dynamics locally in the loop region having a catalytic residue, which may help in improved activities at lower temperatures.
Introduction
Temperature dependence of enzyme activity is usually bellshaped. A decrease in activity is either due to the loss of protein structure (at higher temperatures) or due to the positive temperature coefficient of enzyme activity (at lower temperatures) Lonhienne et al., 2000) .
Interest in enzymes with high activities at low temperatures has grown recently due to a number of industrial applications for use in food processing, detergents, fabric care and environmental degradation Cavicchioli et al., 2002 Cavicchioli et al., , 2011 Joseph et al., 2008) . Enzymes sourced from extremophiles and mesophiles behave in such a way that their maximum activity matches with their growth temperatures. To design enzymes with improved activity at lower temperatures, structures of homologous enzymes from psychrophiles were compared with mesophiles and thermophiles Siddiqui and Cavicchioli, 2006) . These studies revealed that strategies adapted for improving activity at low temperatures by psychrophilic enzymes are multiple in nature (Bell et al., 2002; Gianese et al., 2002; Bae and Phillips, 2004; Mandrich et al., 2004; Altermark et al., 2007; Tronelli et al., 2007; Thorvaldsen et al., 2007; Papaleo et al., 2011; Zheng et al., 2012) . Choices of structural mechanisms seen in a psychrophilic enzyme are apparently driven by evolutionary vagaries rather than due to defined strategies Sheridan et al., 2000; Kumar et al., 2001) . To retain activity at low temperatures, proteins need to overcome restricted motions at these temperatures; hence, structural alterations that increase the dynamics of the protein are favored (Radestock and Gohlke, 2011) . This was found to be true in a large set of psychrophilic enzymes that have lower melting temperatures (T m ) compared with their homologs adapted to higher temperatures. Based on this observation and several other related correlations in protein properties, it was argued that flexibility in a protein, essential for activity, may decrease stability (Kokkinidis et al., 2012) . While several studies support this conclusion, it is observed and argued that the nature and scale of flexibility and stability need to be qualified for each protein.
Many reports have shown that stability and activity were simultaneously increased at both higher and lower temperatures Siddiqui and Cavicchioli, 2006) . The observed altered dynamics in proteins as adaptations to low temperatures may not involve all regions of the protein. Furthermore, it may also depend on the sensitivity of the method employed to monitor protein dynamics. Thus, the issue of trade-off between activity and stability brings forth a need to define protein as an entity with multiple interacting parts, wherein local adjustments may not alter global properties of the protein. Cold-adapted enzyme, notothenioid A4-lactate dehydrogenases, supports the hypothesis that increased structural flexibility in certain areas of the protein help reducing energy barriers (Fields and Houseman, 2004) . Similarly, it was demonstrated in two psychrophilic subtilisins that stability was significantly increased by mutagenesis, while preserving the enzymatic activity at low temperatures (Tindbaek et al., 2004; Zhong et al., 2009) . Analyses of the crystal structures of psychrophilic enzymes from bacteria, such as a-amylase (Aghajari et al., 1996 (Aghajari et al., , 1998a , citrate synthase and malate dehydrogenase (Kim et al., 1999) , have not provided sufficient support for the hypothesis of an overall increase in flexibility compared with mesophilic homologs. Some enzymes coupling hightemperature activity and high stability have been reported by directed evolution (Arnold et al., 2001 ) and site-directed mutagenesis (Narinx et al., 1997) . Till date, only a handful of attempts of engineering cold-adapted properties in mesophilic or thermophilic proteins have been reported (Kano et al., 1997; Taguchi et al., 1999 Taguchi et al., , 2000 Zhong et al., 2009) . These studies were carried out on subtilisin BPN' and subtilase family of proteases. The standard and most preferred method of random mutagenesis using an error-prone polymerase chain reaction and recombination was used in these studies to identify the amino acid substitutions that contribute to cold activity. A limiting factor here was that the sequence space screened by these methods would not encompass all the possible codon substitutions at each position and one would still not have a comprehensive count of the possible amino acid substitutions that adapt a protein to cold conditions. Over the past decade, site saturation mutagenesis (SSM) has emerged as a useful tool to check the potential of every amino acid substitution in contributing to the property of interest (Wong et al., 2004; Reetz and Carballeira, 2007) . Pertaining to the study of cold adaptation, only one such study was reported, wherein the role of Glycine 131 was studied by SSM for improving cold activity (Taguchi et al., 2000) . Loops in a protein are known to be most flexible and play an important role in functions of all proteins (Fersht, 1999) . As flexibility of the protein structure has long been hypothesized to be an important requirement in cold adaptation, it would be interesting to study comprehensively the role of loop amino acids in engineering a cold-active enzyme.
We chose Bacillus subtilis lipase A as our model for improving the cold activity. It was earlier subjected to directed evolution methods to improve thermostability, protease resistance, enantioselectivity and stability in organic solvents (Reetz and Carballeira, 2007; Ahmad et al., 2008 Ahmad et al., , 2012 Reetz et al., 2009; Yedavalli and Rao, 2013) . We developed a screening program using an SSM library of 88 amino acid positions in the loops of the lipase that was developed in our laboratory earlier (Ahmad et al., 2012) , for obtaining mutant lipases with enhanced activities at low temperatures. SSM is preferred over site directed, random and other mutagenesis because it samples complete sequence space, not possible by other methods (Reetz et al., 2010; Chen et al., 2012) . The 88 positions include Position 4 in N-terminus; Positions 10-19, between b3 and aA; Positions 30-34, between aA and b4; Positions 40-47, between b4 and aB; Positions 67 -71, between aB and b5; Position 78 between b5 and aC; Positions 90 -96, between aC and b6; Positions 104-123, between b6 and b7; Positions 132-138, between b7 and aE; Positions 142-146, between aE and b8; Positions 152-162, between b8 and aF and Positions 174 -181 of C-terminus (Ahmad et al., 2012) . The screening consisted of three steps based on the lipase activity on tributyrin or a chromogenic substrate, eliminating the undesired clones from the mutant library at each step. We identified five mutations that contribute to cold activity, four of them being close to the active site. Interestingly, we found that four out of the five single mutations were glycine substitutions, reiterating the role of flexibility in activity at low temperatures. To get further insights into how the identified mutations contribute to activity at low temperature, we performed molecular dynamics (MD) simulations on WT and mutant enzyme. MD simulations are great tools for understanding physical basis of biomolecule structure and function. 100-ns MD simulations performed on both enzymes at two temperatures clearly show increased flexibility in a loop containing one of the catalytic residues, which may attribute to enhanced activity of the mutant lipase at both the temperatures. 
Materials and methods

Phenyl
Screening for cold-active lipase mutants
The mutant library that was generated by SSM of 88 amino acid positions in the loop regions of the WT lipase (Ahmad et al., 2012) was screened for cold-active mutants. The mutant library was cloned downstream to the pelB signal sequence in the pET22b expression vector to facilitate the periplasmic expression of lipase mutants in Escherichia coli BL21(DE3). Culture supernatants obtained from the mutant library were subjected to a three-step screening protocol based on lipase activity at 10 and 58C. Briefly, glycerol stocks of mutant library of 16 000 clones were inoculated in 100 ml Luria-Bertani (LB) medium with 100 mg/ml ampicillin in 96-well microtiter plates (Tarsons) and grown for 6 h at 378C, 180 rpm. Five microliters of each clone was inoculated into 200 ml LB medium with 100 mg/ml ampicillin and induced with 0.5 mM isopropyl b-D-1-thiogalactopyranoside (IPTG) after the optical density of the culture reached 0.6 at 600 nm. Furthermore, cultures were incubated at 378C for 12 h post induction and then spun at 48C, 4000 rpm for 1 h to collect the culture supernatant.
In the first step, 4 ml of culture supernatants from the mutant library were spotted on a 1% agar layer with 50 mM sodium phosphate buffer pH 7.2 and 0.4% tributyrin substrate in 150-mm diameter petri dishes and incubated at 108C for 15 h. Identical plates incubated at 378C were used as control. The clarity of the zone of clearance generated by the digestion of tributyrin was photographically recorded and analyzed using image analysis software (Adobe). Based on various preliminary assessments employing halo properties of colonies on a Petri-dish screen with activities of the same strains in liquid culture, it was concluded that more than the size of the halo the opacity/transparency of the halo was strongly correlated with the activities obtained with liquid cultures. Sextuplicate WT enzyme in each of the plates was used as a control to assess the mutants. Mutants were selected that showed better halo transparency than WT at lower temperatures, while showing similar halo properties as the WT at 378C.
The selected mutant clones were subjected to a more stringent liquid phase assay at 58C in the second step. Forty microliters of the culture supernatants were diluted 2-fold with 50 mM sodium phosphate buffer pH 7.2 and added to 50 ml of 4 mM pNPB emulsified in 40 mM Triton X-100 and incubated for 30 min in 96-well microtiter plates in a thermal cycler at two different temperatures, i.e. 5 and 378C. After incubation, 10 ml of 10 mM PMSF was added to terminate the reaction and the plates were further incubated for 10 min at their respective temperatures. Seventy microliters from each of the reaction mixtures were then transferred to another set of 96-well microtiter plates, and the absorbance was measured at 405 nm in a microtiter plate reader (Spectramax, Applied Biosystems). The ratio of change of absorbance at 58C to that at 258C was used as the selection criterion and compared with WT lipase. The clones selected in the liquid phase assay were reconfirmed by conducting an identical assay using a UV-Vis spectrophotometer (Perkin Elmer), in a 1-ml reaction mixture. Supernatants from 10 ml tube cultures of the selected clones were collected after induction with 0.5 mM IPTG and incubated at 108C. Subsequently, the activity was assayed with pNPB hydrolysis for 2 min at the same temperature with continuous nitrogen gas flow in the spectrophotometer chamber to avoid condensation.
Identification of lipase mutants by DNA sequencing
Plasmid DNA from E.coli BL21(DE3) cells was isolated using a QIAprep w spin Miniprep kit according to the manufacturer's instructions. Sequencing reactions consisted of 50 ng of template DNA, 2.5 pm of each of the following primers: T7 Promoter primer or T7 Terminator primer (5 0 -GCG AGT TAT TGC TCA GCG G-3 0 ), sequencing buffer and bigDye TM reagent (Applied Biosystems). Reactions were carried out for 30 cycles of 948C for 10 s, 508C for 5 s followed by 608C for 4 min in a PCR thermal cycler. Sequencing was performed with an ABI 3730 sequence analyzer (Applied Biosystems).
Recombination of single mutations in lipase
Recombination of the selected single mutations in lipase was performed using an in vitro overlap extension PCR. Fragments of the lipase gene containing the mutations were amplified using gene-specific primers 3GF (5 0 -CAG CAG TGG GGA TGG TAT TGT CGG GAA TTA CTT ATC-3 0 ), 3GR (5 0 -GAT AAG TAA TTC CCG ACA ATA CCA CTG CTG-3 0 ) and vector-specific primers 1F (5 0 -GAA GGA GAT ATA CAT ATG GCA GAA CAC-3 0 ), T7 terminator (5 0 -GCG AGT TAT TGC TCA GCG G-3 0 ). The amplified products of the lipase gene were overlapped and extended using 1F and T7 terminator primers. The PCR products were gel eluted using a QIAGEN gel extraction kit. Restriction digestions of the PCR product (insert) and expression vector pET21b (Novagen) were performed with NdeI and HindIII, and the digested products were gel eluted and ligated as per manufacturer's instructions using a FastLink TM Ligation kit (Epicentre w , Madison, WI, USA). The ligated product was then transformed into ultracompetent E.coli DH5a cells and plated on LB agar containing 100 mg/ml ampicillin. Plasmids were isolated from the resultant colonies and the recombination was confirmed by DNA sequencing.
Purification of lipase
Structural genes of WT lipase and single mutants cloned in a pET22b vector were PCR amplified using 1F and T7 terminator primers (oligonucleotide sequences in the previous section). The amplified products were restriction digested with NdeI and HindIII and ligated to similarly digested pET21b.
WT lipase, single mutants and recombinant cloned in pET21b were purified upon expression in E.coli BL21(DE3) using a one-step protocol. All the mutants and the WT lipase were purified using hydrophobic interaction chromatography.
Briefly, the culture pellet was resuspended in TE buffer (10 mM Tris -1 mM EDTA) pH 8 and lysed with lysozyme (10 mg/l culture pellet). Cell lysate was sonicated in an Ultrasound sonicator (Bruker Laboratories) and centrifuged at 15 000 rpm, 48C, for 30 min (Beckmann Coulter, Inc., CA, USA). The supernatant was loaded on a phenyl sepharose (high performance) matrix pre-equilibrated with 100 mM potassium phosphate buffer pH 8. After washing with 10 mM potassium phosphate, elution of the lipase proteins was carried out using ethylene glycol in a gradient of 30-80% (v/v). WT, single mutants and recombinant elute at slightly different points in the above gradient. Protein elution was monitored by measuring absorbance at 280 nm.
The lipase containing fractions were selected by activity measurements using pNPB, diluted with phosphate buffer (as it was observed that most of the mutants have a tendency to aggregate at high concentrations), pooled and dialyzed extensively against 2 mM glycine buffer pH 10. Purity was checked by running the sample proteins on a urea 15% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and visualized by Coommassie brilliant blue staining. Protein quantitation was performed by the modified Lowry method (Markwell et al., 1981) and aliquots of the proteins were stored at 2208C until further use.
Circular dichroism of lipase
Circular dichroism spectral measurements were performed using a JASCO J-815 spectropolarimeter equipped with a Jasco Peltier-type temperature controller (CDF-426S/15). Far-UV spectrum measurements were performed in the range of 200-250 nm using 0.2 mg/ml protein concentration in a 0.2-cm path length cuvette. Near-UV CD spectra were recorded in the range of 250 -300 nm using a 1 mg/ml protein solution in 1-cm path length cuvette. 50 mM Sodium phosphate pH 7.2 was used as the buffer in the above spectral recordings. All spectra reported are the average of three accumulations. Spectra were recorded in ellipticity mode at a scan speed of 50 nm/min, response time of 2 s, bandwidth of 2 nm and data pitch of 0.2 nm. All spectra were corrected for buffer baseline by subtracting the respective blank spectra recorded identically without protein. The mean residue ellipticity was calculated using equation
where Q is the ellipticity in degrees, l is the path length in centimeter and c is the concentration in gram per millilitre. A mean residue weight (M r ) of 115 was used (Kelly and Price, 1997) .
Thermal unfolding of lipase
Thermal unfolding of lipase mutants was monitored by circular dichroism spectroscopy in a JASCO J-815 spectropolarimeter fitted with a Jasco Peltier-type temperature controller (CDF-426S/15). The protein concentration used was 0.05 mg/ ml, in 50-mM sodium phosphate buffer pH 7.2 with a path length of 1 cm. Temperature-dependent unfolding profiles were obtained by heating protein at a constant rate of 18C/min from 25 to 758C and measuring the change in ellipticity at 222 nm. Fraction of unfolded protein was calculated by normalizing to native and completely unfolded protein ellipticity signal. To the normalized data, the Boltzmann function was Engineering lipase A from mesophilic Bacillus subtilis for activity at low temperatures fitted which gives the mid-point of transition, where 50% of the protein is unfolded, i.e. T mapp using Origin 7.0 software (OriginLab).
Activity measurements of lipase
Kinetic parameters were determined at 108C using the substrate pNPB by measurements performed on a UV-Vis spectrophotometer (Lambda-35 attached with PTP-1 Peltier temperature programmer, Perkin Elmer). A concentrated stock solution of pNPB was made in acetonitrile. Different volumes of the substrate were added from the stock to 1 ml sodium phosphate buffer pH 7.2 to get varying concentrations in the range of 0.05-2 mM, at which the initial rate of substrate hydrolysis was monitored by increase in absorbance at 410 nm. The values for K m and k cat were derived from the corresponding Lineweaver-Burk plots.
Specific activities of WT lipase and lipase recombinant were determined in the range of 5-608C using 0.2 mM pNPB as the substrate. Briefly, 970 ml of 100 mM sodium phosphate buffer pH 7.2 was incubated at the relevant temperature for 5 min for equilibration in a 1-cm cuvette within the cuvette holder to which 1 mg of an enzyme was added and incubated further for 1 min. Reaction was started by adding 10 ml of pNPB from a 50 mM stock dissolved in acetonitrile to the reaction mixture and the rate of increase in absorbance at 410 nm was recorded. Spontaneous hydrolysis of pNPB was monitored under identical conditions without protein.
MD simulations
MD simulations were performed using GROMACS (Pronk et al., 2013) , implemented on a parallel architecture on 36 nodes at CDAC, Pune. The X-ray structure of native B. subtilis lipase A (PDB code 1ISP) was used as a starting point for the MD simulations for WT protein. Due to non-availability of X-ray structure of mutants, lipase mutations were modeled on WT protein structure and the modeled structure was used as a starting point for performing MD simulations for mutant protein. Protein structures were solvated in a dodecahedral box using Simple Point Charge (Extended) (SPC/E) water molecules (Berendsen et al., 1981) and the total charge was neutralized by counter ions. The minimum distance between the solute atoms and box edge was set to 10 Å . Initially, solvent molecules were relaxed by molecular mechanics (steepest descent method, 100 steps). The minimization was followed by 100 ps MD under NVT (the number of particles (N), system volume (V) and temperature (T) constant/conserved) and NPT (the number of particles (N), system pressure (P) and temperature (T) constant/conserved) ensemble at respective temperature (time step 2 fs) while restraining protein atomic positions. During equilibration, the coupling constant of the external bath (Berendsen et al., 1984) was set to 0.001 ps for both protein and non-protein elements. MD simulations were performed in the NPT ensemble at 283 and 310 K using AMBER99SB-ILDN force field (Lindorff-Larsen et al., 2010), applying periodic boundary conditions and using an external bath with a coupling constant of 0.1 ps. Pressure was kept constant (1 bar) by modifying the box dimensions, and the time constant for the pressure coupling was set to 1 ps. The LINCS algorithm (Hess et al., 1997) was used to constrain bond lengths of heavy atoms, allowing the use of a 2-fs time step. Van der Waals and Coulomb interactions were truncated at 10 Å , while long-range electrostatic interactions were evaluated using the particle-mesh Ewald (Darden et al., 1993) summation scheme. The production phase consisted of 100 ns trajectories and collecting conformations every 2 ps. Root mean square deviations (RMSDs), root mean square fluctuations (RMSFs), radius of gyration (R g ), solvent accessible surface areas, the number of hydrogen bonds and trace of covariance matrix calculations were done by software included in GROMACS package.
Results and discussion
Generation of mutants
Selection of cold-active lipase mutants from a pool of 16 000 clones required a carefully designed screen that can specifically assay the lipase activity at cold temperature in a medium throughput format. The screening protocol used in this study included three steps. The first step of the screen, which was a qualitative assay, was designed to eliminate inactive clones or less active clones at 108C. This was a solid phase assay for lipase activity, wherein the zone of clearance of substrate tributyrin was compared for mutant clones with WT lipase. Mutant colonies that gave clearer zones of hydrolysis than the WT were selected. This was beneficial for selecting cold-active clones rather than using a standard lipase assay by size-based comparisons of halos formed by lipase around bacterial colonies. Conventional halo formation assays found in the literature were performed by overlaying a top agar containing the substrate over the growth medium containing the bacterial colonies. Analysis based on halos required a uniform distribution of the substrate tributyrin on the growth medium, which was tricky. Therefore, to overcome these problems, the mutant library supernatants containing the lipases were directly spotted on the substrate containing agar plates. An additional advantage of using this assay was that less time was taken for growing bacterial transformants and secretion of lipases which was extremely beneficial in this screen. The study of clarity of the zone of clearance was simpler and straightforward as variation in size with colony size was ruled out. The zone of clearance of the spots was analyzed from the photographic recording of the plates. A representative plate assay for mutant clones generated for amino acid position 144 is shown in Fig. 1 . Out of total 16 000 clones that were subjected to the first step of the screen, 360 clones were selected for enhanced cold activity and taken forward to a more stringent assay in the second step of the screen. Such a significant and drastic reduction in the number of clones with the property of our interest was achieved due to the rapid elimination of inactive and inefficient clones from the library.
The second step of the screen was a more sensitive and quantitative assay. The stringency of the screening condition was increased from tolerance of activity at 108C to that at 58C. This step consisted of a liquid phase assay that was carried out in 96-well microtiter plates. The selection was based on the ratio ((A 5 /A 25 ) Mut /(A 5 /A 25 ) WT ), wherein 'A' indicates activity at the measured temperature, i.e. 5 or 258C. The hydrolysis of the chromogenic ester pNPB was advantageous in this step as the cold activity of the mutant lipases could be simply followed using a microtiter plate reader at 410 nm. At second step, 90 positive clones, with ((A 5 /A 25 ) Mut /(A 5 /A 25 ) WT ) . 1, were selected from 360 clones obtained after the first screen. The selected 90 clones were again subjected to the same screen in a 96-well plate to further reduce to number and eliminate false positives. From this screen, finally 42 positive clones were selected. Top 15 clones from these 42 were confirmed by conducting the same screen in 1-ml reaction mixtures ( Supplementary Fig. S1 ). Upon sequencing these 15 clones, 14 mutations at 7 positions were identified (Supplementary Table SI) . Based on the activities at two temperatures, initially we tested the best mutants in two combinations, i.e. 5C (F17R, A132G, M134P, M137G and G155D) and 7C (5C þ N138P and R142K). When tested at various temperatures, the activities of 5C and 7C had shown only marginal improvement over the WT lipase. Since glycine was found to be one of the substitutions at Positions 17 and 134 and glycines are favored in psychrophilic proteins, we designed another recombinant 5CR (F17G, A132G, M134G, M137G, G155D). The purified recombinant 5CR lipase showed a 7-fold enhancement in activity at 108C compared with WT lipase. The positions of mutations that led to enhanced cold activity were mapped on the crystal structure of WT lipase (Fig. 2) . Out of these, A132G, M134G and M137G belong to the loop lying close to the active site. F17G is present in a loop that is far from the active site. Glycines are known to relieve mobility restrictions in a peptide backbone and may impart more dynamic property to the region. It is possible that clustering of three glycine substitutions around the active site seen in 5CR may contribute to the local flexibility, and thus, may facilitate activity at low temperatures. 5CR may be able to sample more conformational space during catalysis at low temperatures compared with WT lipase. In fact, comparative studies of psychrophilic and mesophilic enzymes had revealed a tendency to acquire more flexible active sites in the former that was found responsible to overcome the reduced activities at cold temperatures Kulakova et al., 2004; Tsuruta et al., 2005 Tsuruta et al., , 2010 Coquelle et al., 2007; Fedoy et al., 2007; Leiros et al., 2007; Chiuri et al., 2009; Gatti-Lafranconi et al., 2010; Merlino et al., 2010) . In case of 5CR, the presence of glycines would contribute to the local flexibility (vide infra MD simulations) of lipase; however, we do not observe any change in the T m of 5CR (see Fig. 5 ) compared with the wild type (WT). This brings to the fore the contribution of local flexibility to the global flexibility of proteins. Many examples presented in the reference strongly demonstrate, based on hydrogen -deuterium exchange, X-ray data and MD simulations, that the local flexibility could be uncoupled to the global flexibility.
Position 155 is in the loop lining the active site. A mutation to aspartic acid in place of glycine leads to a negative charge at that position and a probable electrostatic interaction with neighboring amino acids or with the active site. Using the structural model of the protein and analysis over 100 ns MD trajectory did not suggest any additional interactions with rest of the protein (vide infra). However, being in the active site region G155D substitution may help in faster release of product, a negatively charged fatty acid. Optimized electrostatic potential at psychrophilic elastase active site was reported for better substrate binding and recognition (Papaleo et al., 2007) .
The activity enhancements resulting from point mutations in an enzyme are, by nature, expected to be marginal. To evolve the lipase for even higher efficiency at low temperatures, the five amino acid substitutions were recombined by an in vitro overlap extension PCR and named as 5CR. The WT lipase, five single mutants and the recombinant 5CR were purified to homogeneity in a single step by ethylene glycol gradient using hydrophobic interaction chromatography. Engineering lipase A from mesophilic Bacillus subtilis for activity at low temperatures Although lipase purification has been reported using a two-step procedure of hydrophobic interaction chromatography and cation exchange chromatography (Ahmad et al., 2008) , this method involved two dialysis steps and resulted in a loss of protein due to aggregation after each purification step. Therefore, we have chosen a single-step protocol developed in our laboratory (unpublished), sufficient enzyme was obtained with a minimum loss of protein due to aggregation ( Supplementary Fig. S2 ).
Structural and biochemical properties of cold-active mutants
The purified cold-active mutants were tested for activity at 108C by hydrolysis of the chromogenic ester pNPB. The rates of initial hydrolysis were used to calculate the kinetic parameters by analysis of Michaelis -Menton transformation. The kinetic parameters of the cold mutants are listed in Table I . The mutants showed an enhancement in activity (k cat /K m ) in the range of 2-to 4-folds. The mutants did not show any significant changes in their K m value. The recombinant 5CR showed a 7-fold enhancement in activity at 108C. The k cat /K m was much higher than WT lipase, whereas the K m was marginally affected. Compared with mesophiles, the enzymes from psychrophiles show higher K m and k cat values (Alvarez et al., 1998; Coquelle et al., 2007) . Achieving higher activities at lower temperatures was proposed to be due to lowered activation enthalpy by enhancing the flexibility of the active site. The presence of three glycines in a loop involved in the formation of the active site of lipase may have contributed to the increased flexibility at the active site.
To verify whether the optimal activity of 5CR had shifted to lower temperature scale, its activity was measured in a temperature range of 5 -608C. WT exhibited maximal activity at 358C, whereas 5CR showed enhanced activity compared with WT lipase at all temperatures (Fig. 3) . Activity comparisons between enzymes from psychrophiles and mesophiles indicated that there is a shift in temperature optima towards lower temperatures in enzymes from psychrophiles. However, in our study the evolved enzyme has a broader optima and also slightly at higher temperature compared with the WT. It was interesting to note that the activity was higher for 5CR, compared with WT, both at lower and higher temperatures. To enhance activity at low temperatures, enzymes from psychrophiles are known to lower their activation energy (DE a ) . From the data given in Fig. 3 , it is apparent that DE a has decreased to half in 5CR compared with the WT.
The secondary structure of lipase mutants was found to be similar to that of WT lipase using far-UV CD as shown in Fig. 4(A) . Since the enhancements in activity are seen as a result of point mutations and an interaction resulting from them in the recombinant, significant changes in secondary structure and content were not expected. Nevertheless, subtle changes were observed in the tertiary structure of the mutants using near-UV CD (Fig. 4(B) ). We compared the thermal stability of the WT and mutant lipases by CD as a function of temperature. Naturally occurring psychrophilic enzymes have been shown to have lower stability than their mesophilic and thermophilic homologs probably due to the higher flexibility of the protein backbone evolved for adaptation to low-temperature environments. The thermostability of the point mutants and recombinant 5CR was tested by thermal unfolding studies using change in ellipticity at 222 nm as a parameter for secondary structure by far-UV CD (Fig. 5) . As expected, mutants with point mutations substituted with glycine had lower apparent melting temperature (T m app ) than WT lipase. We use the term apparent because thermal unfolding was found to be irreversible. Thermal unfolding may lead to aggregation; hence, a decrease in CD signal could be due to unfolding and aggregation. The mutant G155D had apparent T m similar to WT lipase, whereas all the other four glycine-substituted mutants had lower T m compared with the WT. However, 5CR has marginally improved T m compared with the WT, suggesting that the contribution of each mutation would depend on the presence of other mutations.
WT lipase prefers C-8 esters for hydrolysis. We investigated the influence of the mutations on the substrate preferences. Fig. 6 shows the relative activities of WT and 5CR on seven nitrophenyl esters with chains varying from C-3 to C-18. When normalized to the activity on pNPB, 5CR showed marginally lower activity across all the substrates compared with the WT lipase, though the rank order of chain length preference was identical to WT lipase.
MD simulations
MD simulation is a well-established method for probing structure and dynamics of biomolecules. This approach applies empirical molecular mechanical potential energy functions to proteins to study conformational changes and fluctuations around an average structure. To validate the contributions of the mutations to the observed enhancement in activity at cold temperatures, both WT and 5CR lipases were subjected to 100-ns MD simulations at two temperatures (10 and 378C) using GROMACS (Pronk et al., 2013) . A high-resolution X-ray crystal structure for WT B. subtilis lipase A (PDB code 1ISP) was used from the Protein Data Bank (PDB) as the starting structure for MD simulations. Cold-active mutations (F17G, A132G, M134G, M137G and G155D) identified in the present study were modeled on this structure using SWISS-MODEL. Fig. 2 illustrates positions of mutations identified in present study and active-site residues drawn using PyMol (PyMOL, 2012) . Simulations were performed in the NPT ensemble using an explicit solvent on energy minimized structures as the initial state. Performance of MD simulations was evaluated using RMSD profiles as a function of time. RMSD for C a atoms did not exceed 0.16 nm during 100 ns production phase, which represents a stable system (Fig. 7A) . RMSD of C a (Fig. 7A ) and all atoms (Fig. 7B) , radius of gyration (Fig. 7C ) and solvent accessible surface areas (Fig. 7D) are shown over 100 ns of the simulation. The trajectories of all parameters of the structures have stabilized within 5 ns; hence, structures were extracted from 5 to 100 ns trajectories and analyzed. To probe the flexibility of two proteins, DRMSF for C a atoms (Fig. 8) were calculated from the stable part of trajectories from 5 to 100 ns MD simulation runs by subtracting RMSF for WT from that for 5CR lipase. As evident from the plot the loop region, centering around amino acid position 134, has shown significantly high DRMSF values. This loop was most mutated with three glycine substitutions. In addition, this loop forms part of the active site and also contains the active site D133. RMSF was significantly higher in other loop regions; however, there were no apparent differences between WT and 5CR at two studied temperatures. Trace of covariance matrices Fig. 6 . Substrate specificity of WT and 5CR: relative enzymatic activity of WT (solid bar) and 5CR (mesh bar) in the presence of phenyl esters of variable chain length acyl group. Substrates used in this study are p-nitro phenyl esters of butyric acid (pNPB), caprylic acid ( pNPC), decanoic acid (pNPD), lauric acid ( pNPL), palmitic acid ( pNPP), myristic acid ( pNPM) and stearic acid (pNPS). Activity of WT or 5CR with pNPB was used to normalize the activity with other substrates. Engineering lipase A from mesophilic Bacillus subtilis for activity at low temperatures showed that overall 5CR is more flexible than WT (Supplementary Table S2 ), which may be due to high contribution from the active site region as suggested by DRMSF values (Fig. 8) . Enhanced dynamics in this region may have definitely contributed to the observed increase in activities at low temperatures. The regions containing other two mutations F17G and G155D did not show significant changes in RMSF values in WT or 5CR at either of the temperatures. There is no significant difference in the radius of gyration during simulation time for both enzymes at two temperatures (Fig. 7C,  Supplementary Table S2 ). There is no significant difference in the number of hydrogen bonds (calculated for structures extracted from 5 to 100 ns trajectory) in case of 5CR compared with WT at two temperatures (Supplementary Table S2 ). We did not observe any significant difference in the hydrophobic surface area of the protein exposed to solvent (Fig. 7D , Supplementary Table S2) .
To increase conformational flexibility in or near active site, psychrophilic enzymes adopt different strategies, including more exposed hydrophobic side chains to solvent (Aghajari et al., 1998b) , reducing the number of intramolecular hydrogen bonds and ion pairs, reduction in isoleucine and tyrosine clustering, change in loop length around the active site, introduction of flexibility enhancer residues like glycine and removal of prolines in loop regions (Smalas et al., 1994 (Smalas et al., , 2000 Russell et al., 1998; Georlette et al., 2004; Siglioccolo et al., 2010) . In a detailed study on a-amylase, 17 stabilizing mutations identified in a mesophilic variant were incorporated in a psychrophilic amylase. While these substitutions have reproduced the stability properties of mesophilic amylase in psychrophilic amylase, the kinetic parameters were severely compromised, indicating that flexibility is crucial for activity at low temperatures (D'Amico et al., 2001 (D'Amico et al., , 2002 (D'Amico et al., , 2003 Cipolla et al., 2011) . Such alterations lead to more accessible active site favoring substrate binding and efficient catalysis at low temperatures (Aghajari et al., 2003; . The recombinant 5CR exhibited high catalytic rates by virtue of the catalytic turnover number, which may have resulted from the introduction of glycines near the active site. This increase in flexibility in areas of protein that move during catalysis, i.e. active site region, may increase k cat by reducing the energetic cost of conformational changes. MD data support the role of glycines in enhancing the flexibility near the active site. Adaptations to low temperatures could also be achieved through reduction in the activation energy and increase in catalytic efficiency (Zecchinon et al., 2001 ) probably due to greater flexibility in the whole protein or in selected regions (Feller, 2013) . 5CR showed a 50% decrease in the activation energy compared with the WT lipase.
Conclusions
It is possible that there are multiple routes to cold adaptation for enzymes. In this study, a lipase variant with five mutations was evolved with a 7-fold increase in activity at 108C compared with WT lipase, after identifying mutations from screening a mutant population of loop amino acids generated by SSM and recombination. The final cold-active mutant 5CR seems to follow a strategy of enhanced flexibility in the active site region by incorporation of flexibility imparting glycine residues, which is also supported by lower E a and DRMSF profiles. Focus on engineering the amino acids of the loops of a protein may enhance the probability of finding mutants with improved activity at cold temperatures. The evolved lipase is stable and has broader temperature optima and higher activities at both lower and higher temperatures compared with the WT.
Supplementary data
Supplementary data are available at PEDS online.
